We describe a method to measure the surface temperature of small-size devices by means of an infrared technique. The method is based on adjusting the temperature of the background to a level equal to the measured temperature of the object surface. The proposed method of infrared measurement was applied to investigate the average and local heat transfer coefficient in a small tube of inner diameter of 1.07 mm in laminar flow, in the range of Reynolds numbers 10 < Re < 400. It was shown that the heat transfer coefficient is much lower in the region of Reynolds numbers 10 < Re < 100 than that predicted theoretically for laminar flow in tubes of larger diameter.
Introduction
Recent advances in semiconductor technology have led to a significant increase in power densities in microelectronic equipment. Traditional cooling by air is not sufficient for high heat fluxes, and other means of thermal management must be considered. Among these, cooling by heat transfer to single-phase liquids flowing in microchannels is one of the promising directions. A number of experimental and theoretical investigations have been performed and published recently, concerning various aspects of this problem. Among the subjects considered in the past, one can mention singlephase convection heat transfer in small-size channels, and dependence of these phenomena on the size and shape of channels.
The heat transfer coefficient at forced convection in microchannels with cross-section of 0.6 mm ×0.7 mm was experimentally investigated by Peng and Wang [1] . The microchannels were machined on a 2 mm thick stainless steel plate. The inlet and outlet liquid temperatures were measured by thermocouples located outside the test plate. The wall temperature was measured by six thermocouples mounted on the back of the plate. The authors noted that the dependence of the local Nusselt number (Nu = ), in the laminar flow regime, exhibited an unusual tendency to decrease with increasing Reynolds number (here h is a heat transfer coefficient, d h is the hydraulic diameter of the channel, U is the average water velocity, κ is the thermal conductivity of the liquid and ν is the kinematic viscosity). Weisberg et al [2] and Bowers and Mudawar [3] also noted that the behaviour of fluid flow and heat transfer in microchannels without phase change is substantially different from that which typically occurs in conventionally sized channels. Peng and Peterson [4] suggested a strong effect of geometric configuration (aspect ratio and the ratio of the hydraulic diameter to the centre-to-centre distance of the microchannels) on the heat transfer and flow characteristics in single-phase laminar flow. The heat transfer for steady state, laminar, hydrodynamically developed flow in microtubes was solved by Tunc and Bayazitoglu [5] . A temperature jump condition at the wall and viscous heating within the medium were included. The authors noted that the temperature jump could affect the heat transfer in the microtubes. Theoretical investigation and experimental verification of the role of the Brinkman number (Br = µU 2 k T ) (where µ is the dynamic viscosity of the liquid, U is the average liquid velocity, κ is the thermal conductivity and T is the difference between the channel wall temperature and the liquid temperature) in local singlephase heat transfer in microchannels were done by Tso and Mahulikar [6, 7] . Experiments were performed using water flow in microchannels, with thermocouples mounted axially along the flow for local wall temperature measurements. They showed that the introduction of Brinkman number into consideration in addition to Reynolds and Prandtl numbers (where Pr = ν α , ν is the kinematic viscosity and α is the thermal diffusivity of the coolant, respectively) could explain the unusual behaviour of convective heat transfer in the laminar regime in microchannels. The convective heat transfer coefficient can be written in terms of the heat flux to the surface q and the difference between the wall temperature T w and fluid temperature T f , according to the relation h =
. Measurement of fluid temperature in small-size channels by thermocouples involves some difficulties. The thermocouples generate significant perturbation to the flow; therefore, they are placed at the exit and inlet plenums of the experimental set-up. In this case the average value of the fluid temperature
is used to calculate the heat transfer coefficient. On the other hand, the thermocouples that measure the wall temperature, T w , should be attached to the heated walls. They may significantly affect the temperature field of a solid body for such small-size devices.
Infrared thermography is an effective way to measure surface temperature without contact.
A comprehensive survey on infrared thermography for convective heat transfer measurement was published recently by Astarita et al [8] . The infrared scanning radiometer detects the electromagnetic energy radiated in one infrared spectral band by an object, and converts it into an electronic video signal.
Quantitative IR thermography is afflicted by a number of problems, mainly concerned with accurate characterization of the IR performance and its calibration. Additional problems arise in determining the body surface emissivity, the correct identification of the measured point on the object, radiation losses and usage of external supplementary optics. A comprehensive analysis of these aspects was given by Carlomagno and de Luca [9] and Sargent et al [10] . Quantitative IR thermography (see [11, 12] ) is based on the both the accurate measurement of the surface temperature by IR technique and the heat and mass transfer relations. The measurement procedure is in fact a combination of measuring the decay of the surface temperature and numerically solving the equations for the velocity distribution near the surface and temperature distribution in the flow and the solid.
The problem of a measurement of the heat transfer in single-and two-phase flow by a hot-foil infrared technique has been thoroughly studied by Hetsroni and Rozenblit [13] (experimentally) and Hetsroni et al [14] (theoretically). This method is based on the measurement of local temperatures on the air side surface of a thin heater, whereas the other side of the heater is subjected to a flow of liquid, where the heat transfer coefficient between the wall and inner flow is to be determined.
Measurement of the temperature field of a micro-object by an infrared camera has a number of peculiarities. The small diameter of the tube causes a substantial amount of infrared radiation from the background. If the background has a temperature different from that of the small-sized object, the surface temperature of the device will be measured with an uncertainty due to background radiation. The problem of careful account of background influence on the object temperature measurement received attention in the handbook by Zissis [15] .
The microscopic lenses drastically confine the field of view (FOV) of the infrared camera. We were able to observe only a few millimetres along the capillary tube. It is also difficult to identify the position of the measuring point along the capillary tube. Moreover, using microscopic lenses does not completely eliminate the influence of the background radiation. That is the reason why a special method, similar to the method of the disappearing filament (see e.g. [16] ) in colour temperature measurement, was used.
The method consists of compensating the background by controlling its temperature to a level close to the measured temperature of the capillary tube surface. This method was used for investigation of the heat transfer in small-sized channels, where the heat transfer coefficient exhibited an unusual behaviour.
Due to the considerable development of computer capacity, the number of applications for micro-scale systems has increased rapidly in all scientific areas of material testing and process engineering. The present study is aimed at measurements of temperature of a whole field of a heated wall of a capillary tube. The technique enables the measurement of the surface temperature of the capillary tube with high precision. This can be used for studying the heat transfer phenomena at very low Reynolds numbers.
The present study provides a non-contact temperature measurement of the heated surface of a capillary tube. The aim of this paper is to apply and analyse the method of surface temperature measurement of small-size devices by the IR technique.
Characteristics of the infrared camera
The infrared camera we used has the spectral band of 3.4-5 µm. It is cryogenically cooled and has a temperature range of measurement from −10 to 450
• C. The FOV is 16
• vertical × 17
• horizontal. This camera has a thermal imaging and measurement system with full-screen temperature measurement and built-in storage and analysis capabilities. It uses a 256 × 256 platinum silicide focal plane array detector, which provides a superior image without the use of mechanical scanning. Through calibration, the radiometer is very accurate in a narrow temperature range giving typical noise equivalent temperature difference (NETD) only, which is less than the sensitivity. The IR dynamic range is 16 bits and the digitizing resolution is 12 bits (4096 levels). The focus range is from 9 to infinity.
The performance of a thermal imaging system is measured in a way that shows the total quantity of useful output information in a unit time. This includes a combination of the thermal sensitivity or equivalent random noise level, the scan speed and the image resolution or number of independent measurement data points within the image. A thermal imaging system is characterized by a noise equivalent temperature difference (NETD). The typical NETD is less than 0.07 K at 30
• C. The image update rate is 50 Hz. Spatial resolution is the ability of the thermal imaging system to detect and accurately measure the temperature of small objects, where 'small' is defined relative to the size of the total image. It is convenient to characterize a thermal imaging system by the relative response to a slit target of various widths. The curve of this response, the SRF (called a slit response function), is useful in determining the amount of error. An approximate equation is T apparent = (SRF)T object + (1 − SRF)T surround . According to the curve given by the manufacturer, the instantaneous field of view (IFOV) is 1.2 mrad at SRF = 50%. In the present study, to measure the surface temperature of the pipe of 1.5 mm outer diameter, the IR camera was placed at the distance L = 300 mm from the object. In this case the IFOV was 5 mrad at SRF = 90%.
We used a short-wave (SW) radiometer system. A broad-band coating of the optics of an SW system increases the relative response of the scanner, but SW systems are susceptible to atmospheric absorption. To avoid the effect of the presence of water-vapour content, the measurements were performed at the same value of air temperature and humidity.
The spatial resolution of an optical system is generally described by the modulation transfer function (MTF). Most lenses including infrared optics are not perfect optical systems. As a result, when IR rays from the object are passed through them they undergo a certain degree of degradation. The resulting image will be somewhat degraded due to aberrations and diffraction phenomena. By comparing several specimens having differing spatial frequencies, it can be determined that both image modulation and phase shifts will vary as a function of spatial frequency.
The MTF is defined as the modulation of the image divided by the modulation of the stimulus (the object). By convention, the MTF is normalized to unity at zero spatial frequency. The image of a single capillary tube may also be considered as a specimen with zero spatial frequency.
Methodology

Basic
Incoming radiation from extraneous elements to the infrared sensor cannot be neglected when obtaining temperature measurements of small-size devices. To decrease a systematic error caused by radiation from surrounding objects a new method was applied.
The proposed method is based on compensating the background radiation by controlling its temperature to the level equal to the temperature of the capillary tube. This is achieved by recording the infrared data against a background whose temperature was maintained at a given value by a thermostat. Schematically, this method is depicted in figure 1 . The surface temperature T W,I R of the small-sized object is determined from the infrared image, which is recorded by IR camera against the background. The background temperature T G,I R was also measured by the infrared camera. Both the object and the background screen were made of the same stainless steel and were painted by the same matt black paint, so that the object and background had equal emissivity ε. A thermocouple array was used to obtain the value of background temperature (T-type thermocouples of dimension 0.3 mm were used). The thermocouples were spaced on the background screen surface and provided the temperature distribution on the surface. This temperature distribution showed that the screen's temperature was uniform along the tube.
The method could be considered as image compensating method. In other words, the capillary tube becomes almost indistinguishable against the background, like a 'disappearing filament' used in some methods of radiation pyrometry. A series of experiments was then conducted to evaluate the precision of the temperature measurements on the heated surface of the capillary tube, using the method described above.
Calibration
For verification of the method a heated capillary tube (figure 1) was used. The heated part of the tube (d out = 1.5 mm, d in = 1.07 mm) was 150 mm long. The tube was fixed in a horizontal position and placed at a distance of 0.05 m from the screen of the background. Electric current was supplied to the heated tube from a DC power supply. A calibrated, Teflon coated, T-type thermocouple of diameter 0.3 mm was inserted inside the heated tube. In this case (direct heating by electrical current) the thermocouple measured the temperature of the inner tube wall. The thermocouple could be adjusted exactly to any desired position along the axis of the heated tube. The temperature of the outer surface T W,T C was calculated from the power dissipation per unit volume of the tube. The measurements made by the thermocouple showed that the temperature along the tube T W,T C was uniform, within ±0.1 K. The temperature of the background T G,I R was varied and controlled within ±0.1 K. Both the thermal image data of the surface temperature T W,I R of the heated capillary tube and the temperature T W,T C , measured by the thermocouple inserted inside the tube, were recorded simultaneously under steady state conditions. A series of runs was carried out to determine this temperature difference, where the value of T W,I R was measured for the given temperature T W,T C at various values of the background temperature T G,I R . Figure 2 
shows the difference between infrared measurement of tube surface and inserted calibrated thermocouple (T W,I R − T W,T C ) depending on the difference of (T W,I R − T G,I R ). It can be seen that the magnitude of disagreement (T W,I R − T W,T C) depends on the difference (T W,I R − T G,I R ). When the temperature of the background T G,I R is equal to the temperature T W,I
R on the surface of a small-size object (measured by infrared radiometer) the object temperature becomes very close to the calibrated temperature of thermocouple inside the tube. The data shown in figure 2 may be described in an explicit form, related to surface tube temperature 
Experimental apparatus
The experimental apparatus is shown in figure 3 . Water flowing from a vessel (2) was supplied to the microchannel by the peristaltic pump (3). The flow rate was measured by a weighing method using the electronic scales (1). The tested tube of inner diameter 1.07 mm, outer diameter 1.5 mm and 0.58 m in length was placed horizontally. It is divided into two sections. The development section (5), 0.24 m in length, was used for flow and thermal field development. The test section (6), 0.335 m in length, was used for gathering the experimental data on heat transfer. DC current was supplied by a power supply through electrical contacts (4) for direct heating of the stainless steel microchannel. The inlet and outlet of this test section were connected to T-junctions. The inlet and outlet temperatures of the working fluid were measured by 0.3 mm type T thermocouples (7) and (8) with an uncertainty of ±0.1 K. The flow rate of the working fluid was controlled by adjusting the frequency of the peristaltic pump and was measured by the weighing method with an uncertainty of ±0.5%. Then the water was collected in the exit vessel (9) . The temperature field on the test section surface was recorded by an infrared radiometer (10) . Figure 4 illustrates the method applied to obtain the temperature distribution on the heated surface of the test section. The test section of the capillary tube is photographed by the IR camera against the wall of the thermostat. The experiments were carried out at constant heat flux. The power was measured with an uncertainty of ±0.5%. The data were collected by a 12-bit 1 MHz acquisition system with an uncertainty of ±0.025% FS. Preliminary calculations 
Tf, in presented by Hetsroni and Rozenblit [13] have shown that the difference between the temperatures of the two sides of the capillary tube wall (0.25 mm) was less 0.1 K. The axial heat conduction for the heated test section was calculated using measurements of wall temperature distribution in the streamwise direction. A summary of the standard uncertainty components of the heat transfer coefficient at very low Reynolds number (Re = 10) according to the standard [17] is given in table 2.
Experimental conditions and procedure
The experiments were carried out in the range 0. Infrared images of the capillary tube against the background at different value of screen temperature are shown in figure 5 . These pictures were taken at same heat flux and two different screen temperatures. Figure 5 (a) shows the infrared image of the capillary tube and the reading of the surface temperature T W,I R = 59.6
• C of the tube at the point marked by the cursor, while the cross-hair focused on the screen ( figure 5(b) ) displayed the temperature T G,I R = 52.5
• C. In this case the difference in colour play of the tube surface and screen is clearly seen. • C is almost equal to the capillary tube surface temperature T W,I R = 60.2
• C (figures 5(d), (e)), the image of the capillary tube becomes indistinguishable against the background. It is illustrated by the profiles in figure 5(e). In this case the background temperature T G,I R as measured by the IR radiometer does not differ from that measured by thermocouples.
After steady state is reached, at given values of electrical current and flow rate, the temperature on the surface of a smallsize tube may be found more exactly by taking infrared images against various values of the screen temperature. Figure 6 shows the variation of the surface temperature T W,I R of the capillary tube depending on the screen temperature T G,I R . This dependence may be presented as T W,I R = aT G,I R + b (where a and b are coefficients from linear fitting). In this case, equating T W,I R toT G,I R , we are able to determine the surface temperature of the tube as T W,I R = b/(1 − a). For example, the dependence obtained at given values of the heat flux and water flow rate, shown in figure 6, may be described as T W,I R = 0.095T G,I R + 54.5. Since T W,I R should be equal to T G,I R , one can obtain from this dependence T W,I R = 60.2
• C. The local heat transfer coefficient is defined as
where T W,I R is the local wall temperature measured by the The wall heat flux q is obtained as
whereṁ is the flow rate, C p is the specific heat, r is the inner microchannel radius and l is the length of the test section. The temperature distribution along the tube was measured and then the average temperature of the heated surface,T W,I R , was calculated. The average value of the fluid temperature,
The average value of the heat transfer coefficient is defined ash
whereT W,I R is the average surface temperature of the tube wall on the test section andT f is the average value of the fluid. The streamwise temperature distribution was measured along the heated surface of the test section and showed that the temperature on the heated wall increased linearly in the flow direction.
Experimental results
We studied both the average and the local heat transfer behaviour depending on the Reynolds number. The time and space averaged heat transfer coefficients grow steadily in the whole range of the Reynolds number. The dependence Nu = f (Re) (figure 7) may be divided into two regions. In the first, 100 < Re < 450, the rise of Nusselt number Nu is fairly weak and may be presented as Nu ∼ Re 0.65 . This value agrees well with previous studies on heat transfer in microchannels [7] . If the Reynolds number increases further the Nusselt number approaches the theoretical value Nu = 4.36 in laminar flow with constant heat flux. On the other hand, the heat transfer coefficient is drastically decreased in the range 10 < Re < 100.
In this range, it is of interest to consider the behaviour of the local Nusselt number [18] . In figure 8 data points within each set of measurements, taken from different locations along the pipe, are shown. The decrease in the Nusselt number along the pipe can be observed for the Reynolds numbers Re < 100, in spite of an increase in the magnitude of the Reynolds number. Each group of experimental data is characterized by the same values of heat flux and flow rate. The thermophysical properties of water are changing along the tube, because of the rise in the temperature. The greater the heat flux and the lower the flow rate, the greater is the change in viscosity and thermal conductivity. Similar results have been reported by others (see for example [4, 7] ). This peculiarity of heat transfer is clearly inherent only in the range of low values of fluid velocity (Re < 100). The dependence Nu = f (Re) becomes gradually flatter as Reynolds number increases and the curves flatten out at 200 < Re < 400.
Conclusions
We describe a measurement method for the surface temperature of a small-size device by means of an infrared technique. The method is based on the compensation of background radiation by adjusting its temperature to a level equal to the measured temperature of the object's surface. This is achieved by recording the infrared data against a background whose temperature is maintained at a given value by a thermostat.
This method was used to investigate the heat transfer coefficient in a small-size tube, of inner diameter of 1.07 mm, with laminar flow, where the heat transfer coefficient exhibited an unusual behaviour.
The experimental study of the heat transfer in laminar flow was performed in a range of Reynolds numbers 10 < Re < 400. The dependence Nu = f (Re) may be divided into two regions. In the region 100 < Re < 400, the change of the Nusselt number Nu is fairly weak and experimental data agree with other methods of temperature measurement and theoretical prediction. The infrared measurement method for surface temperature of small-sized devices proposed in the present study allowed us to extend the range of measurement to low Reynolds numbers 10 < Re < 100. In this range the Nusselt number drastically decreases with decreasing Reynolds number.
This method allowed us to obtain data on the local heat transfer coefficient. The local Nusselt number demonstrates a decrease along the pipe at the Reynolds numbers Re < 100, in spite of an increase in the magnitude of the Reynolds number.
